Introductoin
High performance photodetectors have hitherto relied on exciting semiconductors with photon energies at least equal to their bandgap. Therefore the selection of a semiconductor material to address a specific spectral band has been a determinant factor. It is well known that silicon covers very efficiently in both performance and cost the visible and near infrared part of spectrum down to ~1100 nm, whereas applications that require photodetection in the shortwave infrared have relied to III-V InGaAs or Ge photodetectors with the associated challenges in their integration onto CMOS electronics. Recently the use of colloidal quantum dot photodetectors have addressed the CMOS integration challenge for infrared detectors challenge to a great extent, [1] [2] [3] [4] yet the presence of Pb may impose some regulatory concerns. In the last years, there is a growing need for the development of environmentally friendly materials, eliminating totally or partially the use of toxic elements such as Pb-, Cd-and Hg-, yet to date application of such kind of semiconductors have been very scarce, since its bandgap is not suitably placed in the infrared.
Benefiting from potential interesting features such as a favourable band gap, high absorption coefficient and environmentally friendly elements, bismuth sulphide (Bi2S3) has recently attracted attention as an emerging functional material for various applications such as thermoelectric, photodetectors and solar cells. [5] [6] [7] The crystal structure of stoichiometric Bi2S3 is orthorhombic, with a layered structure form of atomic scale ribbons which are held together by van der Waals forces. The structure of Bi2S3 favours the formation of one-dimensional nanostructures such as nano-wires, rods, tubes and ribbons. [8] [9] [10] [11] Two-dimensional (2D) nanosheets and colloidal quantum dots (CQDs) have also been developed. [12] [13] [14] Bi2S3 based photodetectors have been reported yet their performance thus far has not proved to be competitive over other currently available technologies and seems to be limited within the spectral coverage of Bi2S3 as dictated by its bandgap of ~1.3 eV. [13, [15] [16] [17] [18] In this work we exploit the formation of mid-gap levels in Bi2S3 upon formation of sulphur vacancies in reporting photoresponse below the bandgap extended into the short-wave infrared. At the same time we employ a gated photoconductive architecture that reaches very high photoconductive gain, which taken together with the very low noise yields specific detectivities D* close to 10 15 Jones in the visible-near infrared and 10 12 Jones in the short infrared, competing therefore with existing technologies that rely on above bandgap absorption.
Results and Discussion

Electronic structure
Bi2S3, the crystal structure of which is shown in the inset of Figure 1a , is a binary semiconductor with reported experimental bandgap ranging from 1.2 eV to 1.5 eV. [18] [19] [20] [21] Figure   1a illustrates the calculated density of states (DOS) plots obtained at Perdew-Burke-Ernzerhof (PBE) level for bulk Bi2S3. [22] According to the computational results, S atoms seem to contribute strongly to the formation of the valence band, while Bi atoms have more weight in the corresponding conduction band. However, the formation of S vacancies gives rise to an additional Bi-S interaction within the bandgap of the stoichiometric semiconductor shown in states enabling the photon absorption in the short-wave infrared range.
Materials characterization
To experimentally approach these conditions we have taken single crystalline flakes of Bi2S3 (see Experimental section). The Raman spectra (Figure 2a) shows the typical and sharp phonon modes of Bi2S3, which matches well with previous reports. [23] The selected-area electron states, respectively. [24] The accompanying weak Bi 4f doublet at lower energy (157.1 eV and 162.4 eV for Bi 4f7/2 and Bi 4f5/2, respectively) are assigned to under-coordinated and reduced Bi species with lower valency, Bi 2+ according to previous reports, [25] [26] [27] suggesting the existence of sulphur vacancies in pristine samples. Energy-dispersive X-ray spectroscopy (EDX) ( Figure S1a ) also shows the nonstoichiometric characteristics of this crystal with atomic percentages of 48.6% and 52% for Bi and S, respectively. In order to synthesize a stoichiometric Bi2S3 crystal we performed a sulfurization process (see Experimental section). After sulfurization, the Bi2S3 flakes become stoichiometric with atomic percentages of 39% and 61%
for Bi and S, respectively, according to EDX spectra ( Figure S1b ). Concomitantly, the Bi 4f doublet in XPS spectra shown in Figure 2d at lower binding energies (157.1 eV and 162.4 eV for Bi 4f7/2 and Bi 4f5/2, respectively) which are assigned to reduced and under-coordinated Bi species also disappear, suggesting a refilling of the existent sulphur vacancies.
Photodetector performances
Device scheme and responsivity
Next, we fabricated photoconductive detectors based on Bi2S3 flakes on a Si/SiO2 substrate that was used as a backgate to control the conductivity of the Bi2S3 channel. Figure S2 ), the SD-devices exhibit n-type behaviour implying the majority of electrons with density of 10 17 cm -3 which can be ascribed to the presence of sulphur vacancies, [14, 19] whereas the electrons density drops to be ~2.7 × 10 The effect of gate bias on the photocurrent and responsivity of both detectors is illustrated in Figure 4a ). Figure 4b shows the responsivity of stoichiometric devices (i.e. upon sulfurization), also exhibiting the same dependence upon Vg.
In both detectors, the responsivity shows no appreciable dependence on gate voltage at high incident light power, which confirms that the underlying photodetection mechanism is the photoconductive effect.
[28]
Temporal response
The time response of the two photodetectors is compared in Figure 5a , b for visible excitation.
The stoichiometric detector exhibits fast photoresponse with response time on the order of 5 ms (Figure 5b ). The SD-detector is characterized by a response time on the order of 500 ms ( Figure   5a ), approximately two orders of magnitude longer than the stoichiometric one. This fact is in agreement with the corresponding improvement of responsivity of two orders of magnitude on the SD-detector compared with the stoichiometric one and underpins the origin of high responsivity of the SD-detector. The gate voltage also does not have influnce on the speed of both devices ( Figure S3 ). However, for most practical applications, photodetector speed is an issue and it is desirable to have response times on the order of ms or faster, for sensing or imaging applications. We therefore sought to improve the response speed of the SD-based detector without sacrificing its spectral coverage into the infrared. We found that a mild chemically treatment (see Experimental section) on the SD-Bi2S3 leads to a significant acceleration of the photodetector speed with a time response on the order of 10 ms for infrared ( Figure 5c ) and visible light excitation ( Figure S4 ). This acceleration was accompanied by a 10-fold reduction in responsivity that reached values over 10 6 A/W at intensities on the order of nW/cm 2 ( Figure 3e ). Most favourably the mild treatment preserved the SD-detectors' infrared response with responsivities up to 10 A/W measured at 1600 nm ( Figure 3d ).
Noise and sensitivity
The most relevant figure of merit that characterizes the sensitivity of photodetectors is the specific detectivity D* defined as * = √ = √ , where NEP is the noise equivalent power, R is the responsivity, A is the active area of the detector, B is the electrical bandwidth, and Sn is the noise spectral density of the detector. In order to report the D* of this set of detectors we have performed noise measurements as shown in Figure 6a . The noise spectral density (Sn) was obtained by calculating the Fourier transformation of dark current traces at a sampling rate of 50 Hz under exactly the same conditions as the optical measurements were performed. In all cases, a 1/f-noise component is observed due to the charge trap states in Bi2S3 channel or the interface between Bi2S3 and substrate, similar to the case of graphene and TMDs based detectors. [29, 30] All devices exhibit a very small noise density ranging from 1 pA Hz -1/2 to 30 pA Hz -1/2 at frequency of 1 Hz. Considering the fast speed of the detectors on the order of 10 ms after sulfurization and chemically treatment, the noise spectral density can be extracted at higher frequency (10 Hz) for calculating the specific D* in these devices.
Considering together the noise current, speed and responsivity at 1 nW/cm 2 
Conclusion
In summary, we have reported a highly sensitive CMOS compatible infrared photodetector based on vacancy-engineered Bi2S3 semiconductor exploiting the formation of extended in-gap states that allow for optical absorption below the bandgap value of Bi2S3. We have made use of this knowledge to build a photoconductive photodetector with high gain in order to develop a high sensitivity photodetector. This work illustrates that defects in semiconductors may be used favourably to deliver high performance optoelectronic devices with functionalities that cannot be reached by semiconductor materials in its defect-free state. This work also expands the material availability for infrared optoelectronics.
Experimental Section
Device fabrication and characterization: The bulk Bi2S3 crystals were purchased from the 2D semiconductors corporation. The thin Bi2S3 flakes was then exfoliated with polydimethylsiloxane (PDMS) tape on Si/SiO2 (285 nm) wafer using the micromechanical exfoliation method. The bulk Bi2S3 slices were pasted on PDMS adhesive tape. The sticky side of the tape was folded in half and then torn slowly to peel off the crystals. Repeat the above operation for several times and finally exfoliate the thin flakes onto the substrate by pressing the tape gently and removing it slowly. Before the device fabrication, the substrate with Bi2S3 flakes was soaked into acetone for 2 h at 60 °C to remove the residual glue. Metal contacts were then fabricated by the laser writing lithography, and Ti (2 nm) and Au (70 nm) electrodes were evaporated by e-beam and thermal evaporation, respectively.
All the measurements were performed in ambient conditions using an Agilent B1500A semiconducting device analyzer. Responsivity and temporal response times were measured under pulsed light at a wavelength of 635 nm from a four-channel laser controlled with an Agilent A33220A waveform generator. The spectral photo-response measurements were performed with fiber-coupled light from a supercontinuum light source (SuperKExtreme EXW-4, NKT Photonics). STEM experiments were performed in a probe corrected FEI Titan 60-300 microscope operated at 300 kV. This microscope is equipped with a high-brightness field emission gun (X-FEG) and a CETCOR corrector for the condenser system, which produces an electron probe with a lateral size below 1 Å. Z contrast STEM imaging was carried out with a Fischione 3000 annular dark field detector. Chemical analysis was performed in this microscope by Energy dispersive X-rays spectroscopy (EDX) in an EDAX detector equipped with Genesis RTEM software embedded.
Sulfurization and chemically treatment:
The sulfurization was performed in horizontal tube furnace. The substrates with Bi2S3 flakes based devices were located on the center of the quartz tube, the ceramic boat containing ~200 mg sulfur powers was located on upstream side with a distance of ~20 cm from centre. The tube was pumped down to 2×10 -2 mbar to remove the air fully in the tube, then refill the tube with ultrahigh purity N2 gas. The furnace was heated up to 450 °C in 15 min with N2 flow of around 10 sccm, then keep that temperature for 20 min, afterwards cool it to room temperature naturally.
For the mild chemically treatment, firstly 20 µL bis(trimethylsilyl)-selenide (TMSe) (stored in glove box) was mixed with 2 mL methanol in a small vial. The mixed solution (1% TMSe) was sonicated for 10 min. The substrates with Bi2S3 flakes based devices were soaked into the solution for 3 min and then anneal it on a hotplate with temperature of 100 °C and annealing time of 10 min. The devices were measured before treatment and after treatment immediately.
DF calculation:
Calculations have been performed using the Vienna ab initio package VASP. [31] The exchange-correlation functional chosen for the study was the Perdew-BurkeErnzerhof (PBE), [22] a widely used functional from the generalized gradient approximation (GGA). Since VASP uses plane-waves basis to represent the electronic density, 415 eV were used as cut-off kinetic energy. The interaction of core electrons with the valence electronic density was modelled using the projected augmented-wave (PAW). [32, 33] A Monkhorst-Pack mesh of 3x3x3 k-points was used for unit cell. [34] Atoms and cell were fully relaxed until forces acting on atoms were below 0.01 eV Å -1 . In order to take into account the possible electron transfer produced in defective systems, spin-polarized calculations were performed. A Gaussian smearing with an energy window of 0.1 eV was used, even though final energies were extrapolated to 0 K. Bader analysis and magnetization values were used in order to assign atomic charges. [35, 36] Defective Bi2S3 has been modelled by removing 8% of S atoms present in the lattice of the supercell.
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